It has been proposed that schizophrenia results, in part, from the inappropriate or spurious attribution of salience to cues in the environment. We have recently reported neural correlates of salience in the basolateral amygdala (ABL) of rats during learning in an odor-guided discrimination task. Here we tested whether this dopamine-dependent salience signal is altered in rats with neonatal ventral hippocampal lesions (NVHLs), a rodent model of schizophrenia. We found that ABL signals related to violations in reward prediction were only mildly affected by NVHL; however, neurons in rats with NVHLs showed significantly stronger selectivity during odor sampling, particularly for the more salient large-reward cue. The elevated cue-evoked activity in NVHL rats was correlated with heightened orienting behavior and also with changes in firing to the shifts in reward, suggesting that it reflected abnormal signaling of the large rewardpredicting cue's salience. These results are broadly consistent with the proposal that schizophrenics suffer from enhanced signaling of salience.
Introduction
Research on schizophrenia had traditionally focused on pathophysiology in PFC, a brain region critical for flexible decision making, working memory, cognitive flexibility, and reward processing (Carter et al., 1998; Ragozzino and Kesner, 1999; Ragozzino et al., 1999a, b; Manes et al., 2002; Harrison and Weinberger, 2005; Lewis et al., 2005; Gold et al., 2008; Rushworth and Behrens, 2008; Floresco et al., 2009; Stopper and Floresco, 2015) . Patients with schizophrenia show loss of markers associated with GABA interneurons in PFC and reproduction of interneuron deficits in animals demonstrates changes in behaviors consistent with PFC dysfunction and schizophrenia (Benes and Berretta, 2001; Berretta et al., 2001; O'Donnell et al., 2002; Lipska et al., 2003 Lipska et al., , 2004 Spencer et al., 2003; Lewis et al., 2005; Cabungcal et al., 2006; Behrens et al., 2007; Hikida et al., 2007; Tseng et al., , 2008 Lodge and Grace, 2009; Lodge et al., 2009) . For example, after neonatal ventral hippocampal lesions (NVHLs) in rats, PFC is hyperactive and taskrelated field potential oscillations are reduced, consistent with deficits in interneuron function (Gruber et al., 2010) . These changes in neural activity are accompanied by a lost ability to track rewarding outcomes. These deficits were improved by reducing PFC excitability, suggesting that dysfunction in PFC was the primary cause of the abnormal behavior (Gruber et al., 2010) .
Notably PFC receives heavy input from the basolateral amygdala (ABL), and we have recently found that signaling in the ABL provides a dopamine-dependent Pearce-Hall salience signal (PH; Pearce and Hall, 1980; Pearce et al., 1982) in the same setting in which NVHL rats appear to inappropriately track rewarding outcomes (Roesch et al., 2010a) . Similar correlates have also been reported in amygdala during reversal learning in humans (Li et al., 2011) . This is relevant to schizophrenia because recent theories have suggested that the appropriate "attribution of salience" might underlie many of the deficits observed in schizophrenia (Baruch et al., 1988; Jones et al., 1992; Grecksch et al., 1999; Kapur, 2003; Kapur et al., 2005; Ouhaz et al., 2014) .
Here we tested whether these neural correlates of salience in ABL might be enhanced in NVHL rats. We recorded neurons in NVHL and sham rats performing a simple odor-based choice task in which they had to detect errors in reward prediction across blocks of trials to appropriately guide their behavior. As described previously, NVHL rats exhibited a reduced ability to track rewarding outcomes when contingencies changed (Gruber et al., 2010) . We found that ABL signals related to violations in reward prediction were only mildly affected by NVHL; however, neurons in rats with NVHLs showed significantly stronger selectivity during odor sampling, particularly for the more salient large-reward cue. The elevated cue-evoked activity in NVHL rats was correlated with heightened orienting behavior and also with changes in firing to the unexpected shifts in reward, suggesting that it re-flected abnormal signaling of the large reward-predicting cue's salience.
Materials and Methods
Subjects. All experiments were performed according to United States Public Health Service Guide for the Care and Use of Laboratory Animals and were approved by the University of Maryland Institutional Animal Care and Use Committee. Procedures for neonatal lesions follow previously described methods (Lipska, 2004; Gruber et al., 2010) . On P7-P8, male Long-Evans pups born on site were bilaterally injected with 0.3 l of either aCSF (sham) or ibotenic acid (0.3 g; NVHL) in the ventral hippocampus (3 mm posterior, Ϯ 3.5 mm lateral, and 5 mm ventral to bregma). A total of five NVHL and three sham rats were used in this study; additional data from 12 controls run in other studies were also included. Rats were group housed until the start of behavioral training at P41.
Surgical procedures and histology. Surgical procedures followed guidelines for aseptic technique. Electrodes were manufactured and implanted as in prior recording experiments. Rats had a drivable bundle of 10 25 m diameter FeNiCr wires (Stablohm 675; California Fine Wire) chronically implanted in the left hemisphere dorsal to either ABL (n ϭ 7; 3.0 mm posterior to bregma, 5.0 mm laterally, and 7.5 mm ventral to the brain surface). Immediately before implantation, these wires were freshly cut with surgical scissors to extend ϳ1 mm beyond the cannula and electroplated with platinum (H 2 PtCl 6 ; Sigma-Aldrich) to an impedance of ϳ300 kOhm. Cephalexin (15 mg/kg, p.o.) was administered twice daily for 2 weeks postoperatively to prevent infection. At the end of recording, the final electrode position was marked by passing a 15 A current through each electrode. Single-unit activity observed on recordable channels often ceased after passing through the ventral extent of ABL (ϳ8.6 ventral to brain surface). Rats were perfused, and their brains removed and processed for histology using standard techniques to confirm final recording locations.
Behavioral task. Recording was conducted in aluminum chambers ϳ18 in. on each side with sloping walls narrowing to an area of 12 ϫ 12 in. at the bottom. A central odor port was located above two adjacent fluid wells on a panel in the right wall of each chamber. Two lights were located above the panel. The odor port was connected to an air-flow dilution olfactometer to allow the rapid delivery of olfactory cues. Task control was implemented via computer. Port entry and licking were monitored by disruption of photobeams. The basic design of a trial is illustrated in Figure 1 . Trials were signaled by illumination of the panel lights inside the box. When these lights were on, nose poke into the odor port resulted in delivery of the odor cue to a small hemicylinder located behind this opening. One of three different odors was delivered to the port on each trial, in a pseudorandom order. At odor offset, the rat had 3 s to make a response at one of the two fluid wells located below the port. One odor (Verbena Oliffac) instructed the rat to go to the left to get reward, a second odor (Camekol DH) instructed the rat to go to the right to get reward, and a third odor (Cedryl Acet Trubek) indicated that the rat could obtain reward at either well. Odors were presented in a pseudorandom sequence such that the free-choice odor was presented on 7/20 trials and the left/right odors were presented in equal numbers (Ϯ1 over 250 trials). In addition, the same odor could be presented on no more than three consecutive trials. Odor identity did not change over the course of the experiment. Once the rats were shaped to perform this basic task, we introduced blocks in which we manipulated the size of the reward delivered at a given side. Once the rats were able to maintain accurate responding through these manipulations, we began recording sessions. For recording, one well was designated as large (two boli separated by 500 ms) and the other as small reward (one boli). In the second block of trials these contingencies were switched. At least 60 trials per block were collected for each neuron. Rats were water deprived (ϳ30 min of free water per day) with free access on weekends.
Single-unit recording. Wires were screened for activity daily; if no activity was detected, the rat was removed, and the electrode assembly was advanced 40 m or 80 m. Otherwise active wires were selected to be recorded, a session was conducted, and the electrode was advanced at the end of the session. Neural activity was recorded using two identical Plexon Multichannel Acquisition Processor systems, interfaced with odor-discrimination training chambers. Signals from the electrode wires were amplified 20ϫ by an op-amp headstage (Plexon; HST/8o50-G20-GR), located on the electrode array. Immediately outside the training chamber, the signals were passed through a differential pre-amplifier (Plexon; PBX2/16sp-r-G50/16fp-G50), where the single-unit signals were amplified 50ϫ and filtered at 150 -9000 Hz. The single-unit signals were then sent to the Multichannel Acquisition Processor box, where they were further filtered at 250 -8000 Hz, digitized at 40 kHz, and amplified at 1-32ϫ. Waveforms (Ͼ2.5:1 signal-to-noise) were extracted from active channels and recorded to disk by an associated workstation with event time stamps from the behavior computer.
Data analysis. Units were sorted using Offline Sorter software from Plexon, using a template-matching algorithm. Sorted files were then processed in NeuroExplorer to extract unit time stamps and relevant event markers. These data were subsequently analyzed in MATLAB. Our analysis focused on activity 1000 ms after reward delivery (reward epoch; Figs. 2, 3) and during odor sampling (odor onset to odor port exit, odor epoch; Fig. 4 ). Wilcoxon tests were used to measure significant shifts from zero in distribution plots and at the population level ( p Ͻ 0.05). T tests or ANOVAs were used to measure within cell differences in firing rate because they were normally distributed. Pearson 2 tests ( p Ͻ 0.05) were used to compare the proportions of neurons.
Results
ABL neurons in NVHL and control rats were recorded in a choice task (Fig. 1a) . On each trial, rats responded to one of two adjacent wells after sampling an odor at a central port. Rats were trained to respond to three different odor cues: one that signaled reward in the right well (forced choice), a second that signaled reward in the left well (forced choice), and a third that signaled reward in either well (free choice). At the start of different blocks of trials, we manipulated the size of the reward, thereby increasing or decreasing its value unexpectedly.
Consistent with previous work, we found that NVHL rats were slightly worse at tracking the better outcome during freechoice trials ( Fig. 1b ; t test; t (273) ϭ 5.2, p Ͻ 0.05). Although NVHL rats' performance on free-choice trials was worse, all behavioral measures (percentage choice, percentage correct, and reaction time) clearly indicated that they were aware of reward contingencies in that they chose large reward over small reward on free-choice trials. In addition, rats in both groups were faster and more accurate on large versus small reward forced-choice trials ( Fig. 1c,d ; t test; t (100) s Ͼ 9.6, ps Ͻ 0.05). Thus, like control rats, NVHL rats perceived the differently sized rewards as having different values.
In addition to these measures, we also examined how quickly rats oriented to the odor port upon illumination of house lights. Speed of orienting to the odor port precedes knowledge of the upcoming reward and thus cannot reflect the motivational value of the upcoming reward; instead this measure, like changes in other measures of orienting (Kaye and Pearce, 1984; Pearce et al., 1988; Swan and Pearce, 1988) , may reflect error-driven increases in the processing of trial events (e.g., cues and/or reward), which may include increased attention or reception to odor cues when expectancy errors need to be resolved. This behavior might be considered an investigatory reflex to allow for recovery of habituation when learned contingencies are violated or re-engagement of instrumental task performance when responding can no longer be based on previous reward contingencies or stimulusresponse habits that might have developed over the course of the trial block. Accordingly, rats showed faster orienting at the start of blocks when the value of the expected rewards changed, responding significantly faster during early trials (first five trials) compared with later trials (last five trials; Fig. 1e ). Both groups showed this effect (control: t (173) ϭ 5.4, p Ͻ 0.05; lesion: t (100) ϭ 2.7, p ϭ 0.05); however, NVHL rats were much faster than controls overall (t (273) ϭ 6.7, p Ͻ 0.05), and showed less of a decline in speed across the trial block (t (273) ϭ 2.7, p Ͻ 0.05).
Against this backdrop, we recorded 367 neurons in NVHL rats and 693 neurons in controls (Fig. 2a,b) . We focused our analysis on changes in reward-evoked firing, which we have previously shown correlates with salience or attentional shifts after violations in reward predictions (Roesch et al., 2010a (Roesch et al., , 2012a Esber et al., 2012) . This signal is specifically evident in reward-responsive neurons, thus we began by screening for these cells in control and NVHL rats, comparing activity during reward to activity at baseline. The proportion of neurons that increased firing to reward delivery (1 s after reward compared with1 s before nose poke) was not significantly different between groups [ Fig. 2c ; 174 (25%) vs 101 (28%); 2 ϭ 0.006, p ϭ 0.94]; however, baseline firing of these neurons was significantly reduced in NVHL rats (2.9 vs 2.1 spikes/s; Wilcoxon; p Ͻ 0.05).
Next, we asked how many of these neurons were selective for reward size. Fig. 2d ; 2 ϭ 5.2, p ϭ 0.02; see also heat plots in Fig. 3 for effects of big vs small and overall baseline changes). Thus lesioned rats had similar numbers of reward-responsive neurons when compared with controls, but these neurons fired more slowly and were less likely to be selective between large and small rewards.
Reward-selective ABL neurons in both control and lesion groups also showed transient increases in firing at the beginning of each trial block, consistent with registration of salient reward shifts as previously reported (Roesch et al., 2010a (Roesch et al., , 2012b . As before, these increases were apparent over several trials and occurred when reward was delivered or omitted. This is illustrated in Figure 3 , a and b, which plots the average firing over rewardselective neurons from both control and NVHL groups, respectively. These effects were significant across the population as quantified in the distribution plots showing the contrast in activity (early vs late) for each neuron in response to changes in reward contingencies during the reward epoch ( Fig. 3c ; early Ϫ late/early ϩ late). These distributions were shifted significantly above zero for both control (gray) and lesioned (black) groups, indicating higher firing immediately after a change in reward than later after learning (Wilcoxon; ps Ͻ 0.05). There was a trend toward heightened signaling in the NVHL group; however, it did not reach significance ( Fig. 3c ; Wilcoxon; p ϭ 0.09). Thus ABL neurons in both groups increased firing when reward predictions were violated.
Next, we examined the activity of these neurons during odor sampling (odor epoch; Fig. 4, gray bar) . The odor epoch encompassed time between the onset of the odor and the initiation of the response. The rapid orientation of NVHL rats to the odor port suggested that they showed stronger error-driven increases in the processing of trial events including presentation of the odor at the start of the trial (Fig. 4a,b) . Activity in ABL in NVHL rats, which showed less selectivity based on reward size at the time of reward, showed more selectivity based on reward size at the time of odor sampling (odor epoch), firing significantly more strongly for cues that predicted large over small reward after learning ( Fig. 4b; Figure 3 . a, b, Average firing over reward-selective neurons from both control (n ϭ 117) and NVHL (n ϭ 39) groups, respectively. Heat plots representing activity early (first 10 trials) and late (last 10 trials) for large and small reward. ai and bi and aiii and biii are large-reward trials that happened earlier (first size block) and later (second size block) in the block sequence. Both follow blocks during which a small reward was delivered in that well. aii and bii represent activity during small-reward delivery after a block of trials during which large reward was delivered (ai, bi). c, distribution plots showing normalized contrasts in activity (early Ϫ late/early ϩ late) for each neuron in response to changes in reward contingencies during the reward epoch. Black and gray represent NVHL and control groups, respectively. P values represent the significance of Wilcoxon tests used to determine significance of shifts in the distributions from zero and the "difference" between distributions obtained from NVHL (black) and control (gray) rats.
in the distribution plots showing the contrast in activity (large vs small) for each neuron (Fig. 4c , black bars; big Ϫ small/big ϩ small). This distribution was shifted significantly above zero, indicating higher firing for cues that predicted larger reward ( Fig.  4c ; Wilcoxon; p Ͻ 0.05) and was positively correlated with attentional changes observed during the reward epoch (r 2 ϭ 0.05, p Ͻ 0.05; Fig. 4e ), demonstrating neurons that showed increases during errors in reward prediction (Fig. 3c) exhibited cue selectivity during odor sampling (Fig. 4c) .
Interestingly, development of this signal reflected the selective reduction in firing for cues that predicted the small reward with learning ( Fig. 4b; odor epoch: vertical gray bar; gray dashed vs solid lines; Wilcoxon; p Ͻ 0.05). This effect was significant across the population as quantified in the distribution plots showing the contrast in activity (early vs late) for each neuron in response to changes in reward contingencies ( Fig. 4d; black bars) . This distribution was shifted significantly above zero for NVHL rats, indicating higher firing during odor sampling immediately after a change in reward contingencies ( Fig. 4d ; Wilcoxon; p Ͻ 0.05).
Neither size selectivity nor elevating firing during learning (early) was observed in control animal's average across the population during the odor epoch (Fig. 4a , vertical gray bar; Wilcoxon; ps Ͼ 0.28) or in the distributions of single neurons (Fig.  4c,d , gray bars; Wilcoxon; ps Ͼ 0.29). Although differences in size selectivity between the two groups only approached significance ( Fig. 4c ; Wilcoxon; p ϭ 0.17), distributions representing elevated firing during early trials was significantly more positive in NVHL compared with control rats ( Fig. 4d ; Wilcoxon; p Ͻ 0.05).
Discussion
Previously we have shown that activity in ABL is selective for differently valued outcomes and is modulated by errors in reward prediction consistent with PH (Pearce and Hall, 1980; Pearce et al., 1982) attention signals thought to be critical in reinforcement learning (Roesch et al., 2010a (Roesch et al., , b, 2012a Kashtelyan et al., 2012) . This work is consistent with a number of studies showing modulation of firing in ABL during unexpected reward delivery and omission, and the predictability of appetitive and aversive events (Belova et al., 2007; Johansen et al., 2010; Tye et al., 2010) . According to the PH model, the amount of attention received by a cue is inversely related to how well the cue has predicted past reward. Hence, a cue that has reliably signaled reward will receive less attention than a cue that predicts uncertain reward. Contrary to the hypothesis that deficits in schizophrenia might reflect elevated or spurious allocation of attention or salience, this signal was relatively unaffected by neonatal ventral hippocampal lesions during unexpected reward delivery. This suggests that if such an effect occurs in schizophrenia it is either not well modeled by NVHLs or occurs due to changes in other areas. One candidate might be the ACC; we and others have found attention-related activity prominently in ACC, and this is a prefrontal area affected in NVHL (Bryden et al., 2011; Roesch et al., 2012a) . response to changes in reward contingencies during the odor epoch (odor onset to odor port exit; gray vertical bar). Black and gray represent NVHL and control groups, respectively. e, Correlation between odor selectivity (big Ϫ small/big ϩ small) during the odor epoch and changes in firing between early and late trials (early Ϫ late/early ϩ late) during the reward epoch for NVHL (black) and control (gray) rats over all recorded neurons. P values represent the significance of Wilcoxon tests used to determine significance of shifts in the distributions from zero and the "difference" between distributions obtained from NVHL (black) and control (gray) rats.
However, NVHL rats did show altered signaling in ABL. Although NVHL rats had equivalent numbers of reward-responsive (i.e., firing different from baseline) neurons, they did exhibit a significant reduction in the number of reward-selective (firing difference between large-and small-reward) neurons, which might contribute to poor choice performance in this task. In contrast, during odor sampling, we found that ABL neurons that carried attentional signals also fired strongly to odor cues at the start of trial blocks and became selective over the course of learning. This effect was not observed in controls, and could reflect elevated attention to salient cues that was not significant during delivery of outcomes. Certainly the NVHL rats exhibited behavioral measures-changes in orienting to the odor ports-consistent with elevated attention leading into the odor-sampling period. Note, faster orienting to the odor port cannot simply reflect overspeeding of behavior because reaction time (motor response to odors) did not significantly differ between the two groups.
We have already shown that neonatal hippocampal lesions make PFC hyperactive and attenuate task-related field potential oscillations (Gruber et al., 2010) . These changes in neural activity are clearly related to the lost ability to track rewarding outcomes during performance of the same reward-guided decision-making task used here. Although our previous results suggested that the primary cause of the abnormal behavior was dysfunction in PFC, as evidenced by recovery of function after pharmacologically reducing PFC excitability, these data would also be consistent with a role for other regions. The results here suggest that ABL might also play a role in this abnormal behavior.
The fact that ABL is affected in NVHL animals is not surprising considering it receives direct projections from ventral hippocampus, which gates excitatory input (O'Donnell and Grace, 1995; Wright et al., 1996; Pitkänen et al., 2000) . However, it is still not yet clear how altered firing in ABL might impact ventral hippocampus and PFC across development in NVHL rats or if these changes in ABL firing might reflect NVHL-induced changes in PFC function. What is clear is that PFC output is noisy and disorganized in NVHL rats, which might lead to the inability of PFC to flip between previously acquired associations when contingencies change, resulting in poor choice performance. This might impact processing in ABL, as well as other brain systems in the circuit thought to be disrupted in NHVL and schizophrenia.
In general, overactivity and increased signaling in response to salient cues in the NVHL rats is broadly consistent with reports of attentional deficits in settings like latent inhibition in schizophrenic patients and NVHL rats, as well as with recent proposals that aberrant attribution of motivational salience is a key determinant of many symptoms of schizophrenia (Baruch et al., 1988; Jones et al., 1992; Grecksch et al., 1999; Kapur, 2003; Kapur et al., 2005; Ouhaz et al., 2014) . The motivational salience hypothesis suggests that the dopamine system mediates the conversion of neutral representations of external stimuli to ones that convey their learned value. Notably salience signals in ABL are dopamine dependent (Esber et al., 2012) , providing one possible mechanism for this to occur. This attribution of motivational salience is thought to enhance attention and drive learning, and might lead to misrepresentations of the external world that underlie psychosis, hallucinations, and delusions (Kapur, 2003; Kapur et al., 2005) .
